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Available online 23 July 2015Abstract(100)- and (111)-oriented epitaxial Pb(Mg1/3Nb2/3)O3 films with 500 and 1300 nm in thickness were grown by metal organic chemical vapor
deposition. Remained strain was almost relaxed because the crystal structure of the films was almost the same as that of bulk Pb(Mg1/3Nb2/3)O3.
Relative dielectric constant showed the maximum value against the temperature that depended on the measurement frequency. Maximum
relative dielectric constant, εr(max.), and the temperature showing εr(max.), T(max.), decreased and increased with the frequency, respectively,
are in good agreement with reported data for the bulk. εr(max.) and T(max.), respectively increased and decreased with the film thickness and
(111)-oriented films showed larger value than that of the (100)-oriented one. Ferroelectricity was observed for all films up to 297 K and
monotonously decreased with increasing temperature. Saturation polarization value increased with the film thickness and (111)-oriented films
showed larger value than (100)-oriented ones. On the other hand, the coercive field decreased with increasing film thickness, but was almost
independent with the film orientation.
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Pb(Mg1/3Nb2/3)O3 (PMN) is one of well-known relaxor
ferroelectric materials with diffused phase transition [1]. This
is also known as an end member of Pb(Mg1/3Nb2/3)
O3ePbTiO3 solid solution system that has been widely
investigated for capacitor and piezoelectric transducer appli-
cations due to its large dielectric constant and piezoelectric
properties near the morphotropic phase boundaries,* Corresponding author. Tokyo Institute of Technology, J2-43, 4259,
Nagatsuta-cho, Midori-ku Yokohama, Kanagawa 226-8502, Japan.
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creativecommons.org/licenses/by-nc-nd/4.0/).respectively [2]. Film form of Pb(Mg1/3Nb2/3)O3ePbTiO3
solid solution has been also investigated for the applications in
high density capacitors and microelectromechanical system
(MEMS) using piezoelectric materials, so called piezo-MEMS
[3]. However, the number of researches for Pb(Mg1/3Nb2/3)O3
films itself is relatively small compared with Pb(Mg1/3Nb2/3)
O3ePbTiO3 solid solution films.
Seo et al. [4] reported that the crystal structure changes with
film thicknesses from 35 to 370 nm for (100)-oriented Pb(Mg1/
3Nb2/3)O3 epitaxial films. On the other hand, Nagarajan et al.
reported the strong film thickness dependency of the lattice
parameter for 10% PbTiO3 substituted (100)-oriented Pb(Mg1/
3Nb2/3)O3 epitaxial films from 100 to 400 nm in thickness [5].
They explain this dependence by the strain effect from the
substrate. However, the investigation on the film thicknesser B.V. This is an open access article under the CC BY-NC-ND license (http://
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reported. Our group reported the strong film thickness de-
pendency of the dielectric constant, εr, for wide range of film
thickness from 100 nm to 2000 nm [6]. This is different from
previous reports because the obvious strain change with film
thickness was not detected by the relaxation of the remained
strain mainly due to the relatively thick film. In addition, this
strong film thickness dependency of εr cannot be explained by
the widely discussed so-called “dead-layer model’’ [7]. In this
model, the inverse of the capacitance has a linear relationship
with film thickness having a positive intercept value at 0 nm in
thickness. However, a linear relationship was not obtained in
our previous study. One possibility to explain the strong film
thickness dependency of εr observed in the previous study is
the change of the temperature dependency of εr with film
thickness because εr was previously measured at the fixed
temperature, room temperature.
On the other hand, orientation dependencies of the dielec-
tric and ferroelectric properties have been reported for variousFig. 1. XRD q -2q scan data for 500 nm and 1300 nm thick films grown on (a, b)
substrates. (b) and (d) respective show the enlarged ones of (a) and (c) near SrTiO3
Pb(Mg1/3Nb2/3)O3 101 for 1300 nm thick films are shown as inserted figures.ferroelectric films [8,9]. This is because ferroelectric materials
have polar characteristics. However, the film orientation de-
pendency has been hardly reported for Pb(Mg1/3Nb2/3)O3
films.
In the present study, (100)- and (111)-oriented epitaxial
Pb(Mg1/3Nb2/3)O3 films with different film thickness were
grown by metal organic chemical vapor deposition (MOCVD)
and temperature dependencies of the dielectric and ferro-
electric properties were systematically investigated for the first
time.
2. Experimental procedure
Pb(Mg1/3Nb2/3)O3 films with 500 and 1300 nm in thickness
were grown on (100)cSrRuO3//(100)SrTiO3 and
(111)cSrRuO3//(111)SrTiO3 substrates at 650
C by pulsed
MOCVD. The details on the pulsed MOCVD have already
been reported elsewhere [10]. Pb(C11H19O2)2, Mg(C14H25O2)2
(Asahi Denka Corp.) and Nb(OC2H5)5 were respective used as(100)cSrRuO3//(100)SrTiO3 substrates and (c, d) (111)cSrRuO3//(111)SrTiO3
200 and 111. X-ray pole figures measured at fixed 2q angle corresponding to
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were used as the oxidant and the carrier gas, respectively. The
source gas mixture flowed to the substrates in a cold-wall-type
vertical reaction chamber. Pb/(Pb þ Mg þ Nb) ratio was kept
to be 0.5 by controlling the concentration ratio of the input
source gasses under a constant Mg/(Mg þ Nb) ¼ 0.33. Film
thickness was controlled by adjusting both deposition time and
deposition rate.
Epitaxial SrRuO3 films were used as bottom electrode and
were grown on (100) and (111) SrTiO3 substrates at 750
C by
MOCVD using Sr(C11H19O2)2(C8H23N5)2, Ru(C7H11) (C7H9)
(TOSOH Corp.) and oxygen as sources [11]. The pseudo-cubic
Miller index of the crystal, designated in brackets as (hkl )c, is
used for SrRuO3. The resultant substrates were
(100)cSrRuO3//(100)SrTiO3 and (111)cSrRuO3//(111)SrTiO3.
The crystal structure of the deposited films was investigated
using X-ray diffraction (XRD; PANalytical X'Pert MRD)
analysis. To characterize the electrical properties of the
deposited films, 100-mm-diameter Pt top electrodes were
deposited by electron-beam evaporation using a shadow metal
mask. Dielectric and ferroelectric properties were measured at
room temperature with an HP4194A impedance analyzer and
ferroelectric tester (TOYO Corp. FCE), respectively. The
temperature dependence of the electrical properties was
measured using a probing system with a temperature-
controlled stage.Fig. 2. (a, b) Lattice constants and (c, d) unit cell volume of films as a function of fi
SrTiO3 substrates and (c, d) (111)cSrRuO3//(111)SrTiO3 substrates. Reported data
figure together with the reported bulk Pb(Mg1/3Nb2/3)O3 data from [12], Sov. Phy3. Results and discussion3.1. Crystal structure at room temperatureFig. 1 shows the XRD q e 2q scan data for the obtained
films. Only h00 diffraction peaks were observed for both of
500 and 1300 nm thick films grown on (100)cSrRuO3//(100)
SrTiO3 substrates as shown in Fig. 1(a). On the other hand,
only 111 diffraction peak was observed in the 2q range be-
tween 20 and 50 for both of 500 and 1300 nm thick films
grown on (111)cSrRuO3//(111)SrTiO3 substrates as shown in
Fig. 1(c). In-plane aligned epitaxial growth of these films were
ascertained by X-ray pole figure measurement as shown in the
insets in Fig. 1(a) and (c) as follows: (100) Pb(Mg1/3Nb2/3)O3//
(100)cSrRuO3//(100)SrTiO3 and (111)Pb(Mg1/3Nb2/3)O3//
(111)cSrRuO3//(111)SrTiO3.
Fig. 1(b) and (d) show the enlarged q e 2q scans near
Pb(Mg1/3Nb2/3)O3 200 and 111 for Pb(Mg1/3Nb2/3)O3 films
grown on (100)cSrRuO3//(100)SrTiO3 and (111)cSrRuO3//
(111)SrTiO3 substrates, respectively. No obvious peak shift
with film thickness were detected for both oriented films.
Fig. 2 shows the estimated lattice parameters and the unit
cell volume as a function of the film thicknesses for (100)- and
(111)-oriented films. Lattice parameters of the deposited films
were estimated by the X-ray reciprocal space mappings near
SrTiO3 004 and 204, and SrTiO3 222, 224 and 114 for (100)-lm thickness for Pb(Mg1/3Nb2/3)O3 films grown on (a, b) (100)cSrRuO3//(100)
from Ref. [4], Appl. Phys. Lett., 2004; 84: 3133e3135., are also shown in the
s. Crystallogr., 1960; 5: 292.
Table 1
Summary of lattice parameter.
Film thickness (nm) (100) orientation (111) orientation
a-axis (nm) c-axis (nm) a-axis (nm) c-axis (nm)
500 0.4049 0.4048 0.405 0.4053
1300 0.4049 0.4045 0.4038 0.4058
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tained lattice parameters are summarized in Table 1. Reported
data for the bulk [12] and the (100)-oriented films [4] are also
shown in Fig. 2. Obtained data in the present study almost
agreed with the bulk data. These are reasonable taking account
of the film thickness dependency of the lattice parameters as
shown in Fig. 2(a) that the deviation of the lattice parameters
from the bulk values decreased with the film thickness and
then lattice parameters became almost constant with the bulk
ones above 400 nm in thickness. This means that the remained
strain in the film was relaxed with increasing film thickness
and became almost the same value as that of bulk. The data
shown in Fig. 2 suggest that the remained strain does not
strongly contribute to the electrical properties of the deposited
Pb(Mg1/3Nb2/3)O3 films in the present study as discussed in
Section 3.2.
It must be mentioned that the refractive index of these films
measured by spectroscopic ellipsometry was almost similar to
the reported data of bulk Pb(Mg1/3Nb2/3)O3 [13]. This suggests
that the density of the films is almost equivalent to the bulk
one.Fig. 3. Temperature dependencies of (a, b) the relative dielectric constant, εr, and (c
in Fig. 1. (100): Pb(Mg1/3Nb2/3)O3 films grown on (100)cSrRuO3//(100)SrTiO3 su
substrates.3.2. Dielectric propertyFig. 3 shows the temperature dependencies of the εr, and
the dielectric loss, tand, measured at various frequencies for
the films shown in Fig. 1. It must be noted that the vertical axis
scales of Fig. 3(a) and (b) are different from those of Fig. 3(c)
and (d), respectively, to show the details of the data. Clear
orientation and film thickness dependencies were observed for
both of εr and tan d.
On the next step, typical characteristics of the data shown
in Fig. 3 are summarized. Fig. 4 shows the frequency de-
pendencies of the maximum εr, εr(max.), and temperature
showing εr(max.), T(max.). Reported data of εr(max.) and
T(max.) for the bulk Pb(Mg1/3Nb2/3)O3 are also shown in
Fig. 4 [14]. εr(max.) decreased with increasing frequency
irrespective of film thickness and the film orientations. How-
ever, this frequency dependency is smaller than reported data
for the bulk one that is also ascertained for the normalized data
by the εr(max.) at 10
2 Hz as shown in Fig. 5(a).
εr(max.) increased with increasing film thickness for both
orientations irrespective of the frequency as shown in
Fig. 4(a). However, this absolute value is still quite small
compared with the reported data for the bulk. This suggests the
strong film thickness dependency of εr(max.) at least up to
1300 nm. In fact, we already ascertained that εr at room
temperature monotonously increased with film thickness up to
2000 nm [6]. Nagarajan et al. also reported the increase of
εr(max.) with increasing film thickness for (100)-oriented
epitaxial 0.9 Pb(Mg1/3Nb2/3)O3 e 0.1PbTiO3 films up to, d) the dielectric loss, tand, measured at various frequency for the films shown
bstrates (111): Pb(Mg1/3Nb2/3)O3 films grown on (111)cSrRuO3//(111)SrTiO3
Fig. 4. Frequency dependencies of the maximum εr, εr(max.), and temperature
showing εr(max.), T(max.) for 500 nm and 1300 nm thick Pb(Mg1/3Nb2/3)O3 films
grownon(100)cSrRuO3//(100)SrTiO3 and (111)cSrRuO3//(111)SrTiO3 substrates.
Fig. 5. εr(max.) and T(max.) normalized by the values at 10
2 Hz for 500 nm
and 1300 nm thick Pb(Mg1/3Nb2/3)O3 films grown on (100)cSrRuO3//(100)
SrTiO3 and (111)cSrRuO3//(111)SrTiO3 substrates.
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εr(max.) of the Pb(Mg1/3Nb2/3)O3 films than that of Pb(Mg1/
3Nb2/3)O3 single crystal is the lower process temperature of
the film than that of the single crystal. Lower process tem-
perature is possible to affect the size and the distribution of
“micro polar regions” that is pointed out to control the
dielectric properties of the relaxor ferroelectrics [1]. On the
other hand, (111)-oriented films showed larger εr(max.) than
(100)-oriented one for both film thicknesses in the present
study. The crystallographic relationship is also reported for
Pb(Mg1/3Nb2/3)O3 single crystal that εr value of (111) is larger
than that of (100) one [15]. In addition, larger εr of (111)-
oriented films than (100)-oriented ones is also reported for
Pb(Zr, Ti)O3 films [8,9]. This is considered to be due to the
larger domain contribution of (111) orientation compared to
(100) one as Xu et al. pointed out [9].
Fig. 4(b) shows the frequency dependency of T(max.) based
on the data shown in Fig. 3 together with the reported bulkdata [14]. T(max.) increased with increasing frequency for all
films as same as the reported data for the bulk. This frequency
dependency is larger than reported data for the bulk. This is
clear for the normalized data by the T(max.) at 102 Hz as
shown in Fig. 5(b).
T(max.) decreased with increasing film thickness for both
orientations even if the reported bulk data is higher than the
present study. Same trend of T(max.) which decreases with
film thickness is also reported by Nagarajan et al. for (100)-
oriented epitaxial 0.9 Pb(Mg1/3Nb2/3)O3 e 0.1PbTiO3 films up
to 400 nm in thickness [5]. This is also possible to explain by
the low process temperature of the single crystal one. When
you compare the orientation, T(max.) of (111)-oriented films
was higher than that of (100)-oriented one.3.3. Ferroelectric propertyFig. 6 shows the polarization e electric field (P e E ) re-
lationships measured at various temperatures. Clear hysteresis
loops originating from the ferroelectricity were observed for
all temperature range up to 297 K, especially for 500 nm thick
films. It must be noted that 297 K is higher than T(max.) as
discussed in Section 3.2.
Fig. 6. Polarizationeelectric field (PeE ) relationships measured at various temperature for (a) 500 nm and (b) 1300 nm-thick Pb(Mg1/3Nb2/3)O3 films grown on
(100)cSrRuO3//(100)SrTiO3 and (111)cSrRuO3//(111)SrTiO3 substrates.
193H. Funakubo et al. / Journal of Materiomics 1 (2015) 188e195Figs. 7 and 8 show the temperature dependencies of the
saturation polarization (Psat.) and the coercive field (Ec). As
shown in Fig. 7, 1300 nm thick films showed larger Psat. and
smaller Ec than 500 nm thick films in the overall temperatureFig. 7. Temperature dependencies of (a, b) saturation polarization (Psat.) and
(100)cSrRuO3//(100)SrTiO3 and (b, d) (111)cSrRuO3//(111)SrTiO3 substrates.range for both (100) and (111)-oriented films. On the other
hand, (111)-oriented films showed larger Psat. value than
(100)-oriented one in the overall temperature range for both
film thickness as shown in Fig. 8. The crystallographic(c, d) the coercive field (Ec) for Pb(Mg1/3Nb2/3)O3 films grown on (a, c)
Fig. 8. Temperature dependencies of (a, b) saturation polarization (Psat.) and (c, d) the coercive field (Ec) for (a, c) 500 nm-thick and (b, d) 1300 nm-thick
Pb(Mg1/3Nb2/3)O3 films grown on (100)cSrRuO3//(100)SrTiO3 and (111)cSrRuO3//(111)SrTiO3 substrates.
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3Nb2/3)O3 that Psat. value of (111) is larger than that of (100)
[15]. On the other hand, Ec value did not strongly depend on
the film orientation. These results show that Psat. depends on
both of film thickness and the film orientation and (111)-ori-
ented films with 1300 nm thick show the maximum Psat.
among present investigated four samples, whereas Ec does not
depend strongly on the film orientation but on the film
thickness. Film thickness dependency of Psat. must be taken
into account of the piezoelectricity of Pb(Mg1/3Nb2/3)O3 films
in addition to the discussion on the film thickness dependency
of εr as discussed in Section 3.2. This is because larger electric
field is applied to the film for P e E hysteresis loop mea-
surement and Pb(Mg1/3Nb2/3)O3 films are considered to have a
relatively large piezoelectricity at low temperature. Based on
these considerations, one possible reason is the film thickness
dependency of the clamping effect from the substrate under
applying an electric field. In fact, remanent polarization at
electric field of 0 kV/cm does not show stronger thickness
dependency than that of Psat..
4. Conclusion
Dielectric and ferroelectric properties of (100)- and (111)-
oriented epitaxial Pb(Mg1/3Nb2/3)O3 films with 500 and
1300 nm in thickness grown by pulsed MOCVD were inves-
tigated as well as their crystal structure. Obvious crystal
structure change with the film thickness was not observed andwas almost the same with the reported data for bulk Pb(Mg1/
3Nb2/3)O3. εr showed the frequency dependent maximum
value against the temperature. εr(max.) and T(max.) decreased
and increased with increasing frequency, respectively that are
in good agreement with the reported data for the bulk. εr(max.)
and T(max.) respectively increased and decreased with
increasing the film thickness and (111)-oriented films showed
larger value than (100) one. Ferroelectricity was observed for
all films up to 297 K and monotonously decreased with
increasing temperature. Psat. increased with increase of the
film thickness and (111)-oriented films showed larger value
than (100) one, while Ec decreased with increasing film
thickness almost independent of the film orientation.
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